The evolution of native defect states near conduction band present in ZnO thin films is correlated with the bulk electron density and mobility changes driven by the thermal structure modification. The evolution of band edge electronic structures of ZnO thin films was studied via the spectroscopic detection of empty localized defect states in conduction band ͑CB͒ edge and occupied defect states in valence band using spectroscopic ellipsometry and x-ray photoemission spectroscopy. The energy depth of native defect states against CB edge revealed the direct correlation to Hall mobility values for ZnO thin films. © 2010 American Institute of Physics. ͓doi:10.1063/1.3424790͔
ZnO has been extensively studied for many years as an excellent candidate for transparent electronics. [1] [2] [3] ZnO shows intrinsic n-type semiconductor characteristics, which are due to native n-type donors originating from intrinsic defects. [4] [5] [6] It also has a large optical band gap at ϳ3.3 eV, providing great transparency within the visible range, making it ideal for transparent electronics applications. As with other intrinsic n-type metal-oxides, control of the doping level of ZnO is important for practical applications. 1, 2, 7 Efforts to identify the physical origins of defects acting as donors have been an active area in the study of ZnO material properties. There are a number of theories about the physical origins of defects believed to play a role in intrinsic doping. The proposed origins of native donors are ͑i͒ O vacancies, 5, 6 ͑ii͒ Zn interstitials, 4 and ͑iii͒ H incorporation. 8 In spite of extensive studies on bulk ZnO, detailed reports on defect behavior in nanometer ͑nm͒ ZnO thin films using optical absorption methods, which is the dimensional scale of interest for ZnO in the growing fields ͑e.g., ZnO nanorod͒ of application, are lacking.
In this letter, the evolution of native defect states near conduction band ͑CB͒ in ZnO thin films is correlated with the bulk electron density and mobility changes driven by the thermal structural transformation. The localized defect states in the CB and valence band ͑VB͒ edge of ZnO were detected by an optical absorption process with high resolution rotating compensating enhanced spectroscopic ellipsometry ͑SE͒ 9 and x-ray photoelectron spectroscopy ͑XPS͒ measurements. The results provide direct experimental evidences of the impact of native-defect donors on the charge concentration and bulk mobility in ZnO thin films.
ZnO thin films with a thickness of about 100 nm were deposited on glass substrates at room temperature by rf magnetron sputtering under Ar plasma discharge using a commercial ZnO target with a purity of 99.99% for film characterization. The deposition chamber pressure and the deposition time were fixed at 20 mTorr and 5 min, respectively. After ZnO film deposition, samples were annealed by pulsed-rapid thermal annealing ͑RTA͒ from 300 to 850°C consisting of ͑i͒ base heating at 300°C for 2 min and ͑ii͒ pulsed high temperature heating for Ͻ1 sec in a N 2 atmosphere in order to improve crystallinity.
The surface morphologies of the ZnO films were analyzed by field emission scanning electron microscopy ͑SEM͒ ͑Hitachi S-4700͒ and atomic force microscopy ͑AFM͒ ͑PSI Autoprobe CP͒, and the crystallinity was characterized by XRD ͑Rigaku DMAX PSPC MDG 2500͒. The electrical properties of the ZnO films were analyzed by Hall measurement ͑Ecopia HMS3000͒ at room temperature.
The optical characteristics of the ZnO thin films were analyzed by a rotating compensator enhanced SE with a spectra resolution of 15 meV. Visible-ultraviolet light having an energy range from 1.5 eV: 8267 Å to 6 eV: 2066 Å as an optical light source is used to excite electrons from the top of the VB to CB in the overlayer ͑i.e., ZnO͒ material. The VB edge of ZnO thin films was analyzed by XPS ͓Physical Electronics, PHI 5400 ESCA/XPS system equipped with an Al anode x-ray source ͑1486.6 eV͔͒.
Figures 1͑a͒ and 1͑b͒ show XRD and AFM data for asdeposited and annealed ZnO thin films. In Fig. 1͑a͒ , XRD peak corresponding to Zn ͑0002͒ for as-deposited ZnO has doublet features observed at 33.9°as well as 34.4°corre-sponding to the regular Zn ͑0002͒ XRD peak. 10 Once ZnO has been annealed, a second order Zn ͑0002͒ peak at 72°s tarts to be more pronounced with better crystallinity, having longer range order. In addition, noticeable changes in both the Zn ͑0002͒ primary peak angle and full width half maximum values ͑FWHM͒ are observed with RTA as noted in Fig. 1͑a͒ . It is noted that 650°C annealed ZnO thin film reveals the best crystallinity based on FWHM and Zn ͑0002͒ peak angle position. In AFM and SEM ͑not shown here͒ images, the lateral expansion of the grains after RTA is observed, and therefore a rough surface morphology having defects is more or less recovered during the lateral grain expansion. The importance of these structural changes lies in the corresponding thermal defect behavior as remarkable changes in the features of defect states are observed in the absorption spectra. Figure 2͑a͒ shows the absorption spectra of ZnO thin films with and without RTA. In the absorption spectra, CB states are assigned to spectra above the optical band gap corresponding to strong absorption onset energy at 3.1 eV for the as-deposited, 3.15 eV for 300°C, 3.2 eV for 650, and 850°C annealed ZnO thin films. The doublet CB edge peaks at 3.3 ͑P 1 ͒ and 3.5 eV ͑P 2 ͒ are observed in the absorption spectra for as-deposited ZnO thin film. As shown in XRD data, pure Ar plasma for ZnO thin film deposition results in slight distortions or relaxations of the regular hexagonal unit cell driven by deposition kinetics deviating from the regular wurtzite ZnO. Therefore, the overall structures become nonhomogenous, leading to the doublet peak state at 3.3 and 3.5 eV corresponding to irregular hexagonal unit cells. These doublet peak states in absorption spectra of the as-deposited persisted for 300°C annealed film but with the peak energy shifts. Based on interpretation by molecular orbital theory, these CB peaks are associated with antibonding Zn 3d states mixed with O 2p states, which are very sensitive to local bonding environments. 11 As stated in previous reports, 12 the 3.3 eV band gap of ZnO is regarded as a CB edge state in wurtzite ZnO ͑hexagonal unit cell͒, which has a preferential c-plane ͑0002͒ surface with an elongated c-axis compared to the planar x and y axes. This structure leads to the singlet CB peak state at 3.3 eV for 650 and 850°C annealed ZnO thin films. The as-deposited ZnO thin film also shows broad subband states between 2.5 and 3 eV. The origins of these subband states have been identified as the defects ͓i.e., oxygen ͑O͒-vacancies͔ populating the surface and/or near-surface regions caused by heavy Ar ion bombardments on ZnO surfaces.
After the RTA process, remarkable spectral changes occur in the CB intrinsic states and the subband edge states of defects compared to the as-deposited ZnO film. The doublet CB peak states at 3.3 and 3.5 eV for the as-deposited thin film change to the singlet CB peak state at 3.3 eV from 650°C annealed thin film. The density and energy features of defect states for as-deposited ZnO thin film turned into discrete energy bands. Moreover, the peak energy of the defect states moved to shallower levels with respect to the CB edges with increased RTA temperature. The energy change in defect states between samples annealed at 300 and 850°C was 0.3 eV. In addition, a slight increase in defect density is also noted for the higher RTA temperature ͑i.e., 800°C͒. Figure 2͑b͒ represents the VB edge XPS spectra for asdeposited and annealed ZnO thin films. The strong VB subedge states from 0 to ϳ2.5 eV ͓in the gray colored region in Fig. 2͑b͔͒ are regarded as the occupied O-vacancy defect states based on the previous experimental studies. 9, 13 The regular ZnO VB onset energy is right below defect states and therefore, Fermi energy ͑E F ͒ level at 0 eV of binding energy is placed at ϳ2.5-2.8 eV above VB onset energy level for all of ZnO thin films. The E F levels closed to CB edge of ZnO thin films in conjunction with high defect density suggest that defect states are indeed responsible for n-type native doping of ZnO. Within the spectra energy range in Fig.  2͑b͒ , the relative ratio ͑R Defect/ZnO ͒ of XPS peak area corresponding to VB edge defect states ͑Ͻ2.5 eV͒ over that to regular ZnO states ͑Ͼ2.5 eV͒ were calculated. R Defect/ZnO for the as-deposited was 0.88 which is larger than all other annealed thin films. This is well correlated with the highest empty defect density in 2 spectra in the sense that those empty and occupied states are due to the same physical origin, O-vacancies.
Based on the spectroscopic results in Fig. 2 , the evolution diagram of electronic band structure under the thermally driven structure modification is shown in Fig. 3͑a͒ . The changes in empty defect states are correlated with changes in intrinsic CB states. ZnO thin films annealed at higher temperatures ͑Ն650°C͒ has a higher degree of crystallization to the regular hexagonal structures. Because this regular hexagonal unit cell has an elongated c-axis relative to its planar x-and y-axes, inherent local bonding asymmetry exists in the unit cell. For example, a peak state for ZnO annealed above 650°C was resolved at 4.2 eV in Fig. 2͑a͒ . This is due to an empty Zn 3d state term split driven by asymmetric crystalfield or Jahn-Teller effects that resulted from the elongated c-axis in the hexagonal unit cell. 11 Another aspect of this phenomenon is related to defects. Once the sample is an- nealed, pre-existing defects are diffused into the ZnO matrix from the surface to the bulk. There are grain boundaries in the polycrystalline ZnO thin films along which defects readily move, localize, and finally align. 5 Therefore, localization of defects at grain boundaries after RTA leads to different defect state features and the energy shift in the absorption spectra. Consequently, there is a physical transition of defect location from the surface to localized regions ͑i.e., grain boundaries͒ in ZnO, and once localized, defects reveal the shallower and discrete energy states compared to the surface defects present in the as-deposited.
The correlation of such defect behavior to the electrical activity of native donors is of interest. Figure 3͑b͒ provides charge carrier concentration and bulk mobility data for asdeposited and annealed ZnO thin films. Coinciding with XRD and absorption data, higher crystallinity and ordered localized defects of all annealed ZnO samples result in the radically improved bulk mobility compared to that of the as-deposited sample. For annealed samples, there is a significant increase in carrier concentration to 10 18 cm −3 , well above the 10 14 cm −3 observed for as-deposited samples. During the structural evolution of ZnO after RTA, the crucial aspect of defect localization related to donor activation is near-neighbor ordering. This near-neighbor ordering is believed to be the main reason for the huge improvement in native donor activation and the remarkable increase in the free charge carrier concentration with RTA. Regarding the bulk mobility enhancements at the annealed ZnO thin films, the trap depth ͑⌬E trap ͒ in Fig. 3͑a͒ between CB edge and localized defect states inversely scales with the bulk mobility since the charge transport in ZnO occurs through the trapassisted hoping process which depends on exp͑−⌬E trap / kT͒. As the shallower trap states are present, the higher mobility is resulted. It has been established that ͑i͒ the threshold defect density to cause the significant trap-assisted hopping conduction in the transition metal oxide thin films is declared at Ͼ10 18 cm −3 ͑estimated from absorption coefficient Ͼ10 4 cm −1 ͒ and ͑ii͒ ⌬E trap is typically less than 0.5 eV, which agree with values in Figs. 2͑a͒ and 3͑a͒ . 9, 14 In the mobility, a noticeable drop after 850°C RTA is thought to be related to the trapping of charge carriers to the defect states. The native donor levels can also trap charges under the electric field while providing free charge carriers for conduction. The exact reason for the mobility drop at 800°C of RTA temperature from the highest mobility ͑at 650°C͒ is under further investigation to know the transport mechanism of highly conductive n-type ZnO thin films under the effect of high density of native donors.
In conclusion, the evolution of native defect states near CB present in ZnO thin films is correlated with the bulk electron mobility changes driven by the thermal structural modification. Empty localized defect states in the CB edge of ZnO thin film were detected by an absorption process with SE measurements. The thermal structure evolution of ZnO show systematic changes in defect energy states and densities that play a role in free charge carrier contribution from these native donors. The changes in defect state energy levels are well resolved in absorption spectra. Finally, the strong electrical impact of native donors under the near-neighbor ordering on the charge concentration and bulk mobility in ZnO thin films was observed. 
